Yekhlef L, Breschi GL, Lagostena L, Russo G, Taverna S. Selective activation of parvalbumin-or somatostatin-expressing interneurons triggers epileptic seizurelike activity in mouse medial entorhinal cortex. GABAergic interneurons are thought to play a critical role in eliciting interictal spikes (IICs) and triggering ictal discharges in temporal lobe epilepsy, yet the contribution of different interneuronal subtypes to seizure initiation is still largely unknown. Here we took advantage of optogenetic techniques combined with patch-clamp and field recordings to selectively stimulate parvalbumin (PV)-or somatostatin (SOM)-positive interneurons expressing channelrhodopsin-2 (CHR-2) in layers II-III of adult mouse medial entorhinal cortical slices during extracellular perfusion with the proconvulsive compound 4-aminopyridine (4-AP, 100 -200 M). In control conditions, blue laser photostimulation selectively activated action potential firing in either PV or SOM interneurons and, in both cases, caused a robust GABA A -receptormediated inhibition in pyramidal cells (PCs). During perfusion with 4-AP, brief photostimuli (300 ms) activating either PV or SOM interneurons induced patterns of epileptiform activity that closely replicated spontaneously occurring IICs and tonic-clonic ictal discharges. Laser-induced synchronous firing in both interneuronal types elicited large compound GABAergic inhibitory postsynaptic currents (IPSCs) correlating with IICs and preictal spikes. In addition, spontaneous and laser-induced epileptic events were similarly initiated in concurrence with a large increase in extracellular potassium concentration. Finally, interneuron activation was unable to stop or significantly shorten the progression of seizurelike episodes. These results suggest that entorhinal PV and SOM interneurons are nearly equally effective in triggering interictal and ictal discharges that closely resemble human temporal lobe epileptic activity.
epilepsy; interneurons; parvalbumin; somatostatin; optogenetics THE CRITICAL EVENTS leading to the generation of epileptic seizures are not completely understood. Synchronous field discharges driven by glutamatergic excitatory transmission have been reported to initiate ictal events (Huberfeld et al. 2011; Jensen and Yaari 1997; Traynelis and Dingledine 1988) . Other possible mechanisms, however, rely on the seemingly paradoxical contribution of inhibitory GABAergic interneurons (Avoli and de Curtis 2011) . While several studies have reported a specific loss of GABAergic interneuronal subpopulations in different brain regions in human (Robbins et al. 1991; Sundstrom et al. 2001 ) and experimental (Buckmaster and Dudek 1997; Dinocourt et al. 2003; Kumar and Buckmaster 2006; Morin et al. 1998; Sloviter 1987 ) epilepsy, others have suggested that interneurons are substantially preserved in different rat models of temporal lobe epilepsy in entorhinal cortex (Du et al. 1995; Eid et al. 1999; Kobayashi et al. 2003 ) and hippocampus (Davenport et al. 1990; Esclapez et al. 1997; Rempe et al. 1997) as well as in the human hippocampus Isokawa-Akesson et al. 1989) . Consistent with this, functional GABAergic activity is preserved in human epilepsy (Cohen et al. 2002; Kohling et al. 1998; Wittner et al. 2005) . Both interictal and ictal activities are initiated by GABA A -receptor-dependent synchronous events in rodent slices (Avoli et al. 1996 (Avoli et al. , 2002 Kohling et al. 2000; Velazquez and Carlen 1999) and human preparations obtained from surgically resected dysplastic cortical samples (D'Antuono et al. 2004; Mattia et al. 1995) . In vitro experiments in the medial entorhinal cortex (mEC) have shown an intense interneuronal firing activity associated with extracellularly recorded preictal spikes preluding seizures (Gnatkovsky et al. 2008) , supporting the idea that GABAergic networks may critically contribute to ictogenesis (Avoli and de Curtis 2011; de Curtis and Gnatkovsky 2009) .
Are different types of interneurons selectively involved in the generation of epileptiform activity? Like other cortical areas, the entorhinal cortex contains parvalbumin (PV)-and somatostatin (SOM)-expressing interneurons (Buetfering et al. 2014; Canto et al. 2008; Jones and Buhl 1993; Miettinen et al. 1996; Wouterlood and Pothuizen 2000) . Taking advantage of optogenetic stimulation techniques combined with electrophysiological recordings, we asked whether exogenous, selective activation of these two different classes of GABAergic interneurons affects the occurrence of seizurelike events (SLEs) generated in the mEC in an in vitro model of epilepsy pharmacologically induced in adult mouse hippocampal-entorhinal cortex slices. Our data show that specific photostimulation of either PV or SOM interneurons in the presence of the proepileptic compound 4-aminopyridine (4-AP) consistently triggers interictal spikes (IICs) and preictal spikes that rapidly lead to SLEs. Laser-induced preictal spikes were accompanied by a large increase in extracellular potassium concentration ([K ϩ ] o ), which was instrumental for seizure initiation. Patterns of photostimulation-induced seizurelike activity were highly similar to those occurring spontaneously during 4-AP perfusion, suggesting that synchronous activation of interneurons is a primary causal effector for the initiation of SLEs and that PV and SOM interneurons are equally able to contribute triggering ictal discharges.
MATERIALS AND METHODS
Slice preparation and electrophysiology. Recordings were performed in horizontal compound entorhinal-hippocampal slices prepared from a recombinant Cre-Lox mouse line obtained by crossing 1) B6.Cg-Gt(ROSA)26Sortm27.1(CAG-COP4*H134R/tdTomato)Hze/J mice (JAX stock no. 012567; Jackson Laboratory, Bar Harbor, ME) with either 2) 129P2-Pvalbtm1(cre)Arbr (JAX stock no. 008069) or 3) B6N.Cg-Ssttm2.1(cre)Zjh/J (JAX stock no. 018973) mice. The off-spring, which appeared viable and healthy, selectively expressed a channelrhodopsin-2 (CHR-2)/tdTomato fusion protein in PV-or SOM-expressing interneurons, respectively, throughout the brain. Wild-type (wt) littermates for each of the transgenic lines were used for control experiments. All procedures were approved by the Italian Ministry of Health and were conducted in accordance with Federation of European Laboratory Animal Science Associations (FELASA) guidelines and European directives (2010/63/EU). Mice of both sexes (28 -60 days of age; median: 40 days) were anesthetized with an intraperitoneal injection of a mixture of ketamine and xylazine (100 mg/kg and 10 mg/kg, respectively) and perfused transcardially with ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl, 3.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 25 NaHCO 3 , 1 MgCl 2 , and 11 D-glucose, saturated with 95% O 2 -5% CO 2 (pH 7.3). After decapitation, brains were removed from the skull and 300-m-thick horizontal slices containing the entorhinal cortex and the hippocampus were cut in ACSF at 4°C with a VT1000S vibratome (Leica Microsystems, Wetzlar, Germany). Individual slices were then submerged in a recording chamber mounted on the stage of an upright BX51WI microscope (Olympus) equipped with differential interference contrast optics (DIC) and an optical filter set for the detection of tdTomato red fluorescent light (Semrock, Rochester, NY). Slices were perfused with ACSF continuously flowing at a rate of 2-3 ml/min at 32°C. Whole cell patch-clamp recordings were performed in layer III of the mEC with pipettes filled with a solution containing the following (in mM): 10 NaCl, 124 KH 2 PO 4 , 10 HEPES, 0.5 EGTA, 2 MgCl 2 , 2 Na 2 -ATP, 0.02 Na-GTP (pH 7.2, adjusted with KOH; tip resistance: 2-4 M⍀). Extracellular electrodes (tip resistance 1-2 M⍀) were filled with ACSF and positioned in layer III of the mEC, ϳ250 m below the pial surface and 100 -200 m laterally from the patch electrode. All recordings were performed with a MultiClamp 700B amplifier interfaced with a PC through a Digidata 1440A (Molecular Devices, Sunnyvale, CA). Liquid junction potential was not corrected. Series resistance was partially compensated (40 -50%) with the amplifier control circuit.
Data acquisition and analysis. Data were acquired with pCLAMP 10 software (Molecular Devices) and analyzed with Origin 9.1 (Origin Lab, Northampton, MA). Voltage-and current-clamp traces were sampled at a frequency of 10 kHz and low-pass filtered at 2 kHz (for recordings of intrinsic firing properties shown in Fig. 2 and reported in Table 1 traces were sampled at 30 kHz). Local field potentials (LFPs) were acquired at a frequency of 10 kHz and band-passed within a 1 Hz-1 kHz frequency range. Immediately after a whole cell configuration in voltage-clamp mode was obtained, recordings were switched to current clamp and the cell resting membrane potential (rmp) was measured. Negative and positive current steps (Ϫ300 to ϩ400 pA in 100-pA steps, 500 ms) were then injected through the patch electrode in order to record subthreshold voltage responses and firing activity. The input resistance (R in ) was calculated by dividing the peak voltage response to a negative current step (Ϫ100 pA, 500 ms) by the amplitude of the injected current. The amplitude of the I h -dependent voltage sag was calculated as the difference between peak and steady-state voltage values in response to injection of a negative current step (Ϫ300 pA, 500 ms). The spike threshold was measured at the time point at which the first derivative of the action potential (AP) waveform rapidly deflected upward. The spike width was defined as the time window at half-maximal spike amplitude.
The reversal potential for Cl Ϫ ions was calculated with the Nernst equation: Photostimulation of channelrhodopsin-expressing interneurons. Optical stimuli were generated by a diode-pumped solid-state laser (wavelength 473 nm, light power at the source 100 mW; Shanghai Dream Lasers Technology, Shanghai, China) connected to the epiillumination port of the microscope through a multimode optical fiber. The beam was deflected by a dichroic mirror and conveyed to the slice through a ϫ40 water-immersion objective (spot size: 0.06 mm 2 ). The light power measured with an optical power meter at the level of the slice surface was ϳ2 mW, yielding a light density value of ϳ33 mW/mm 2 . Photostimuli were TTL-triggered with Clampex digital output signals. During experiments with 4-AP perfusion, stimuli were delivered in series of four 300-ms-lasting flashes distanced from each other by 15 s. Each series was repeated at least 10 times with a time interval of 35-60 s. Because of the unpredictability of spontaneous SLE occurrence and their relatively long refractory period (on the order of minutes), the probability of triggering ictal events with photostimuli depended on the pattern of the repetitive flash stimulation. With low stimulus frequencies (e.g., 10 Ϫ2 Hz) there was a high chance of detecting spontaneous SLEs, consequently minimizing the probability of triggering one with a flash (because of the long refractory period). The opposite was true for excessively high stimulus frequencies (e.g., Ͼ0.2 Hz). We therefore designed a protocol that was suitable for optimizing the occurrence of both triggered and spontaneous ictal events, at the same time reducing the total length of the recording. Seizurelike discharges were considered "stimulus triggered" when the latency between the optical stimulus and the preictal spike was Յ300 ms (see Fig. 5B ), while SLEs occurring at higher latencies were considered spontaneous and used for comparative analysis.
The latency between optical stimuli and IICs or preictal spikes was measured as the distance between the stimulus trigger onset (recorded as a digital output trace in pCLAMP) and the time at which the LFP trace deflected by twice the standard deviation (SD) of the baseline mean value measured within a 20-ms time window preceding the stimulus. The distance-dependence plot of individual cell response to laser stimuli ( Fig. 2G ) was fitted with the exponential equation
where A is the normalized current amplitude and L is the length constant (i.e., the distance from the spot center at which the maximal response decreased by 63%).
Extracellular potassium recordings. Variations in [K ϩ ] o were recorded with standard glass electrodes (OD: 1.5 mm, ID: 0.86 mm; Harvard Apparatus, Holliston, MA). Pipettes were exposed to dimethyldichlorosilane vapors (Sigma) for 1 min and then heated at 120°C for 2 h. After cooling at room temperature (RT), the tips (diameter 3-5 m) were filled with potassium ionophore I-cocktail A (Sigma); then the pipettes were back-filled with an aqueous solution containing 3 mM KCl and 150 mM NaCl (Lamsa and Kaila 1997) . Individual pipettes were mounted on a high-input impedance headstage amplifier (HS2, Molecular Devices) connected to a MultiClamp 700B amplifier. Signal calibration was obtained by dipping the tip of the ion-selective electrode in ACSF and recording voltage changes in response to switching bath solutions containing progressively increasing [K ϩ ] (1, 2.5, 6, 12.5, and 48 mM) . Voltage values were collected when plateau levels were reached after any solution exchange. The values were then fit with the linear equation y ϭ b ϫ log x, where x is [K ϩ ], y is the voltage, and b is the slope coefficient.
During experiments, the K-sensitive electrode was placed laterally to the LFP-recording electrode at a distance of 100 -200 m.
Immunohistochemistry. Mice were anesthetized with ketaminexylazine (100 mg/kg and 10 mg/kg, respectively) and perfused transcardially with a fixative solution [2% paraformaldehyde in 0.01 M phosphate-buffered saline (PBS), pH 7.4]. Brains were quickly removed and placed in fixative solution for 2 h at RT. Subsequently they were cryoprotected in 30% sucrose in 0.01 M PBS overnight at 4°C. Brains were then rapidly frozen, and 40-m-thick horizontal sections were cut with a CM3050s cryostat (Leica Microsystems). Sections were rinsed three times (10 min each) with 0.01 M PBS and incubated for 2 h in blocking solution 1 [0.01 M PBS ϩ 0.5% Triton ϩ 5% normal goat serum (NGS)] at RT. Subsequently they were incubated in a primary antibody diluted in a solution containing 0.01 M PBS ϩ 0.3% Triton ϩ 1% NGS for 48 h at 4°C. The following primary antibodies were used: mouse anti-PV monoclonal antibody (1:1,000; P3088, Sigma) or rat anti-SOM monoclonal antibody (1:100; MAB354, Millipore, Temecula, CA). Slices were then rinsed three times in 0.01 M PBS and subsequently incubated with a secondary antibody (for PV interneurons, Alexa 488 goat anti-mouse, 1:1,000; for SOM interneurons, Alexa 488 goat anti-rat, 1:1,000; Life Tech- Statistical analysis. Data sets were compared with paired or unpaired Student's t-tests or one-way analysis of variance (ANOVA) for normally distributed data sets and Wilcoxon signed-rank tests, Mann-Whitney rank sum tests, or Kruskal-Wallis ANOVA otherwise (SigmaStat, Systat Software, Chicago, IL). Results are given as means Ϯ SE in text and represented by box plots in figures. Differences were considered significant at P Ͻ 0.05.
Drugs. All drugs were obtained from Sigma except NBQX and SR95531 (Abcam Biochemicals, Bristol, UK).
RESULTS
In a first set of control experiments using wt preparations, seizurelike activity was induced by perfusing slices containing the mEC ( Fig. 1A) with 100 -200 M 4-AP without lowering the concentration of extracellular Mg 2ϩ (1 mM). Five to ten minutes after the perfusion started, spontaneous interictal discharges (IICs; mean amplitude: 60 Ϯ 10 V, duration: 1.6 Ϯ 0.07 s, frequency: 0.1 Ϯ 0.01 Hz, n ϭ 41; Fig. 1B ) began to occur in correlation with putative GABAergic inhibitory postsynaptic potentials (IPSPs) or currents (IPSCs) recorded in PCs in current and voltage clamp, respectively (Fig. 1, B and C) . The average reversal potential for IIC-correlated IPSCs (E IIC ϭ Ϫ59 Ϯ 4 mV) was identical to the theoretical reversal potential for Cl Ϫ currents (E Cl ϭ Ϫ59 mV in our conditions) and close to E Cl measured for gabazine-sensitive GABAergic currents (Ϫ61 Ϯ 4 mV) elicited by local extracellular stimulation in the presence of AMPA and NMDA receptor antagonists NBQX (5 M) and D-AP5 (100 M), respectively (Fig. 1C ). About 15-20 min after 4-AP perfusion started, recurrent, spontaneous tonic-clonic SLEs started to occur with variable duration (76 Ϯ 13 s) and frequency (0.004 Ϯ 0.0007 Hz, roughly 1 every 4 min, n ϭ 33; Fig. 1D ). Seizure onset was typically marked by the presence of one or two (more rarely Ն3) "preictal" spikes (mean amplitude and duration: 0.4 Ϯ 0.06 mV and 310 Ϯ 24 ms, respectively, n ϭ 33), which also correlated with IPSPs recorded in current clamp (mean peak amplitude at Ϫ40 mV:
Ϫ4.3 Ϯ 0.8 mV, n ϭ 6) and IPSCs recorded in voltage clamp (mean reversal potential: Ϫ59 Ϯ 2.5 mV, n ϭ 6) in PCs (Fig. 1, E and F) . A series of fast spikes ("tonic" phase; mean peak amplitude and duration of individual spikes: 0.2 Ϯ 0.04 mV and 142 Ϯ 14 ms, respectively) followed preictal spikes at a frequency of 7.4 Ϯ 0.3 Hz, gradually shifting into larger, often multipeaked spikes ("clonic" phase; mean peak amplitude and duration of individual spikes: 0.3 Ϯ 0.03 mV and 384 Ϯ 20 ms, respectively) at a progressively slower frequency (Fig. 1, D and  G) . In individual PCs recorded in current clamp, tonic events corresponded to spike bursts or small spikes arising from a relatively depolarized membrane potential (V m : Ϫ40, Ϫ30 mV) while clonic spikes were correlated with spike bursts occurring during a gradual return of V m to a more hyperpolarized level (Fig. 1G) .
These data support the hypothesis that, in slices perfused with 4-AP, both IICs and the very initial stage of ictal discharges are correlated with a strong GABAergic release driven by intense interneuronal firing activity and targeting postsynaptic PCs. We asked whether specific activation of PV or SOM interneuron populations could originate, or in any case affect, the occurrence of ictal discharges. Entorhinal interneurons were first tested for their ability to respond to optical stimulation and exert functional GABAergic inhibition on PCs in the absence of 4-AP. Both types of interneurons were identified by the expression of the reporter fluorescent protein tdTomato associated with CHR-2 in slices obtained from the corresponding transgenic mice (SOM-CHR and PV-CHR; Fig. 2, A and  B) . CHR-2 expression highly colocalized (Ͼ80%) with anti-SOM or anti-PV immunohistochemical labeling (Fig. 2, A and  B) . SOM interneurons were characterized by a relatively high R in , a prominent I h -dependent depolarizing sag in response to injection of hyperpolarizing current pulses, and postanodal rebound firing ( Fig. 2C and Table 1 ). In contrast, PV interneurons had a significantly smaller R in , a much smaller or absent depolarizing sag, and no postanodal rebound firing ( Fig. 2D ). In control conditions, SOM and PV interneurons promptly responded to local optical stimulation (473 nm; Fig. 2 , E and F) with a suprathreshold depolarization leading to AP firing with Fig. 1 . Epileptiform activity induced by 4-aminopyridine (4-AP) in entorhinal slices. A: schematic drawing of a horizontal slice preparation with the positions of extracellular and patch-clamp electrodes. mEC, medial entorhinal cortex; H, hippocampus; LFP: local field potential. B: example of a whole cell current-clamp recording in a pyramidal cell (PC) and a simultaneously recorded LFP during the early stage of perfusion with 100 M 4-AP (6 -10 min from start). Action potential (AP) firing elicited by injection of steady DC (ϩ200 pA, gray trace) was interrupted by transient hyperpolarizations temporally correlating with spontaneously occurring interictal spikes (IICs). The hyperpolarizing events reverted to depolarizing (arrowheads) after injection of negative DC to bring membrane potential (V m ) to a more hyperpolarized level (Ϫ68 mV) below the reversal potential for Cl Ϫ ions (E Cl ϭ Ϫ59 mV). C, left: voltage-clamp traces representing compound currents (top) recorded in a PC at 3 different potentials (marked by arrowheads) and correlated to an individual spontaneous IIC recorded extracellularly (bottom). Center: GABAergic currents evoked by local extracellular stimulation in the mEC in the presence of the AMPA receptor antagonist NBQX (5 M) and D-AP5 (100 M). The currents were recorded at the same membrane potentials as those represented on left. Right: average E Cl values relative to IIC-correlated and stimulus-evoked currents. Both values were close to the theoretical E Cl calculated with the Nernst equation in our experimental conditions (Ϫ59 mV), represented by the dashed line. D: spontaneous tonic-clonic seizurelike events (SLEs) occurring during extracellular perfusion with 4-AP. Note the presence of IICs preceding SLEs (the trace is an excerpt from a longer recording, with 4-AP perfusion starting 15 min earlier). Bottom: magnification of an individual SLE that was initiated by 2 preictal spikes (marked by shaded area and magnified in inset). E: current-clamp recordings showing V m traces (top) in correspondence with an extracellularly recorded preictal spike (bottom; the subsequent portions of the seizures have been truncated for clarity). Left: the preictal spike corresponded to a V m positive deflection starting from Ϫ70 mV and leading to AP firing and a subsequent plateaulike depolarization. Right: after depolarization of V m up to Ϫ40 mV by means of DC injection, another preictal spike evoked a negative-going V m deflection (white arrowhead). Note the subsequent depolarizing phase (black arrowhead). The fast hyperpolarizing transients represent spontaneous, putative GABAergic inhibitory postsynaptic potentials (IPSPs). F: compound currents recorded at different voltage levels (V com ) in voltage clamp during preictal spikes in 3 different seizures. The earliest event was a putative GABAergic current that was outward going at Ϫ40 mV (top). At Ϫ60 mV (middle), an early, small outward current is still visible (marked by arrowhead), being curtailed by a larger inward current underlying the depolarizing phase initiating the seizure (a similar inward current is also visible with a different latency at Ϫ40 mV). At Ϫ70 mV (bottom), the inward current masked the initial GABAergic current (which is also inward, as in this case V com is more negative than E Cl ). Unclamped spikes have been graphically removed for clarity. G: examples of voltage (top) and LFP (bottom) traces during excerpted segments of the tonic (left) vs. clonic (right) phases of a seizure. a latency of 3-10 ms. Firing frequencies in response to photoactivation varied across different cells, possibly due to different levels of CHR expression and/or different R in and rmp values. In ϳ50% of PV interneurons, photostimulation was not sufficient to reach AP threshold, while in SOM interneurons firing responses were generally more reliable (Ͼ90%). In any case, all PV and SOM interneurons responded to laser stimulation with robust AP firing during extracellular application of 4-AP (see below). Finally, light-induced currents gradually faded as the center of the laser spot was laterally shifted away from the recorded cell, becoming undetectable at ϳ900 m (Fig. 2G) .
We next performed whole cell recordings in individual PCs in order to detect functional GABAergic inhibition in response to optical stimulation of PV or SOM interneurons. Pyramidal neurons, which constituted the large majority of nonfluorescent cells, were characterized by a regular or slightly adapting firing activity in response to suprathreshold current injection and mean rmp and R in values that were roughly similar to PV interneurons ( Fig. 3A and Table 1 ). In both SOM-CHR and PV-CHR slices, brief flashes of light (300 -500 ms) centered on the recorded PC slowed or even blocked AP firing (Fig. 3B) . Blue light reduced the firing rate by 55 Ϯ 16% in SOM-CHR slices (n ϭ 9, P Ͻ 0.05, paired t-test) and by 41 Ϯ 10% in PV-CHR slices (n ϭ 16, P Ͻ 0.05, paired t-test). The inhibitory effect was completely abolished after extracellular perfusion with the GABA A receptor antagonist gabazine [10 M; percentage of firing frequency vs. unflashed control: SOM-CHR: 125 Ϯ 25% (n ϭ 5), PV-CHR: 90 Ϯ 10% (n ϭ 5); P Ͼ 0.05, paired t-test; Fig. 3C ]. Brief photostimuli (10 ms) evoked unitary IPSCs in the presence of the AMPA and NMDA receptor antagonists NBQX (5 M) and D-AP5 (100 M), respectively (Fig. 3D, left) . IPSCs reverted at Ϫ60 Ϯ 0.8 mV (SOM stimulation, n ϭ 6) and Ϫ59 Ϯ 1 mV (PV stimulation, n ϭ 4; Fig. 3D, right) and were blocked by 10 M gabazine (not shown). Together, these results suggest that optical stimulation of both types of entorhinal interneurons readily activated GABA A receptors on postsynaptic PCs and induced an inhibitory effect on their firing frequency.
To investigate the effect of exogenous activation of specific interneurons in epileptic slices, blue laser pulses (473 nm, 300 ms) were flashed in the mEC during 4-AP perfusion in SOM-CHR or PV-CHR preparations (Fig. 4, A and B) . Optical stimuli triggered local field discharges similar to spontaneous IICs recorded during the same experiment (mean duration: PV spont. 4A ). Both spontaneous and light-induced IICs were blocked by perfusion with 10 M gabazine (Fig. 4A, inset) . Notably, in both PV-CHR and SOM-CHR slices SLEs were often triggered in correspondence with an optical stimulus (Fig. 5 ). Such phenomena were mostly similar to spontaneously occurring SLEs, being characterized by one or more preictal spikes followed by a tonic-clonic discharge sequence (Fig. 5A ). In any given experiment, the number of SLEs was much lower than the number of stimuli (PV-CHR: 7 Ϯ 2%, SOM-CHR: 6 Ϯ 1%, n ϭ 10 experiments for each group, P Ͼ 0.05, unpaired t-test) because of the relatively long refractory period between one seizure and the next (on the order of minutes) compared with the distance between individual stimuli (15 s; see MATE-RIALS AND METHODS). Nevertheless, the percentage of flash-triggered vs. spontaneous SLEs was relatively high (PV-CHR: 60 Ϯ 5%, SOM-CHR: 64 Ϯ 6%, n ϭ 10 experiments for each group, P Ͼ 0.05, paired t-test) as opposed to wt slices, where no ictal activity at all was elicited by stimuli (n ϭ 6; Fig. 5, A  and B) . Preictal spikes leading to SLEs occurred at different latencies from individual laser pulses in any type of preparation; however, in both CHR-expressing slices the distribution of latencies between the pulse and the preictal spike leading to a seizure was heavily skewed toward relatively short values (median latency: PV-CHR 170 ms, n ϭ 29 SLEs in 9 experiments; SOM-CHR 165 ms, n ϭ 26 SLEs in 8 experiments, P Ͼ 0.05, Kruskal-Wallis ANOVA; Fig. 5B ). Conversely, latencies in wt slices were randomly distributed (median value: 3,900 ms, n ϭ 21 SLEs in 8 experiments, P Ͻ 0.001 vs. both PV-CHR and SOM-CHR, Kruskal-Wallis ANOVA), indicating that laser pulses were effectively triggering ictal events in both PV-CHR and SOM-CHR slices but not in wt preparations. Within each of the CHR-expressing groups, the length of flash-induced SLEs was not significantly different from that of spontaneously occurring SLEs (Fig. 5C ). Interestingly, even in slices where ictal events were consistently initiated by two preictal spikes, individual flashes elicited SLEs following an almost identical pattern as that of spontaneous SLEs (Fig. 6 ; cf. Fig. 1D ). Here, the first spike correlated with a putative GABAergic compound current reversing at Ϫ59 Ϯ 4 mV (SOM) and Ϫ60 Ϯ 1 mV (PV). The second spike also correlated with a putative GABAergic current outward going at V com more positive than Ϫ60 mV; however, it was quickly curtailed by a negatively deflecting current that marked the beginning of the tonic phase (Fig. 6B ). To further demonstrate that SLEs were triggered by the activation of GABAergic synapses, 10 M gabazine was added to the extracellular medium after IICs and ictal discharges had been induced by 4-AP (Fig. 7) . During gabazine perfusion, both IICs and SLEs (either spontaneous or flash induced) gradually disappeared and were replaced by transient, spontaneous synchronous events (mean duration: PV-CHR 1.4 Ϯ 0.2 s, SOM-CHR 1.0 Ϯ 0.5 s; n ϭ 5 for both groups, P Ͼ 0.05, Mann-Whitney rank sum test). Such brief discharges were 1) independent of light flashes, 2) associated with inward currents at V m more positive than Ϫ60 mV, and 3) completely blocked by further perfusion with the AMPA and NMDA receptor antagonists NBQX (5 M) and D-AP5 (100 M), respectively (Fig. 7) . In the presence of 4-AP alone these events were never observed; in particular, the outward current at V m more positive than E Cl was invariably the first event just ahead of a seizure.
Together, these data suggest that specific activation of either SOM or PV interneurons triggered 4-AP-dependent interictal and ictal events that closely reproduced those occurring spontaneously in the corresponding CHR-expressing preparations or in wt slices. In all cases, a robust IPSC evoked by the synchronous interneuronal activation was the earliest event in the sequence leading to the seizure outbreak. A critical increase in [K ϩ ] o has been shown to occur at the onset phase of seizures in the mEC (Avoli et al. 1996; Gnatkovsky et al. 2008 ). Such A: in both SOM-CHR (top) and PV-CHR (middle) slices, individual photostimuli (300 ms) elicited preictal spikes followed by tonic-clonic discharges. Conversely, photostimulation in wt slices (bottom) did not trigger preictal spikes. B: latency distribution histograms representing the time interval between individual photostimuli and the following preictal spike. The first 8 s following a stimulus have been plotted on the x-axis for clarity. Note that for SOM and PV interneurons latencies were mostly distributed within a 500-ms window (magnified in insets) while in wt slices seizures hardly occurred within such a short interval and latency values were more scattered. C: summary box plot for durations of spontaneous and flash-induced seizures in SOM-CHR, PV-CHR, and wt slices. In the latter group all seizures were considered spontaneous, since there was no evidence for blue light-mediated induction as shown in B. Boxes include 25th and 75th percentiles (horizontal edges), median value (inner line), and min-max values (whiskers). increase in [K ϩ ] o may induce a sustained and relatively prolonged V m depolarization and consequently promote burst firing and epileptic seizures (Frohlich et al. 2008; Jensen et al. 1994; Moody et al. 1974) . Using K-selective measurements combined with extracellular LFP recordings, we tested whether specific activation of PV or SOM interneurons was capable of inducing [K ϩ ] o waves associated with seizure initiation in 4-AP-perfused slices (Fig. 8) . IICs triggered by photostimulation of PV or SOM interneurons were temporally correlated with transient increases in [K ϩ ] o (mean peak amplitude: PV 0.95 Ϯ 0.33 mM, SOM 1.2 Ϯ 0.1 mM, n ϭ 4 for each group) that long outlasted the IIC duration [mean decay time constant ( dec ): PV 4.1 Ϯ 0.2 s, SOM 3.5 Ϯ 0.5 s]. These values were similar to those detected for [K ϩ ] o transients associated with spontaneous IICs (mean peak amplitude: 0.7 Ϯ 0.1 mM, dec : 3.8 Ϯ 0.5 s, n ϭ 4, P ϭ 0.81, 1-way ANOVA). The increase in [K ϩ ] o was markedly larger when the photostimulation triggered preictal spikes leading to SLEs (peak amplitude: PV 2.8 Ϯ 0.5 mM, SOM 2.9 Ϯ 0.5 mM, spont. 3.2 Ϯ 0.3 mM, P Ͻ 0.05, paired t-test vs. IIC-associated K ϩ transients). A further increase in [K ϩ ] o followed the preictal spike, reached a maximum value during the tonic or clonic phase of the seizure (peak amplitude: PV 3.0 Ϯ 0.6 mM, SOM 5.3 Ϯ 0.8 mM, spont. 4.5 Ϯ 1.1 mM), and then started waning back to the baseline value as the clonic phase approached an end (Fig. 8) .
Thus our experiments using optical stimulation are consistent with the hypothesis that activation of PV or SOM interneurons in the presence of 4-AP induced transient increases in [K ϩ ] o that often reached a critical threshold in correspondence with seizure initiation. These events were not distinguishable from those occurring spontaneously (i.e., not in association with an optical stimulus), supporting the hypothesis that brief, synchronous firing episodes in SOM or PV interneurons cause an increase in extracellular potassium that periodically results in a critical membrane potential depolarization in a relatively large number of neurons (Avoli et al. 1996) . Such depolarization and the consequent firing of APs concur to further increase [K ϩ ] o in a positive feedback fashion, leading to massive synchronous firing activity and precipitating the network into uncontrolled ictal discharges.
Blocking the activity of interneurons with inhibitory halorhodopsin or archaerhodopsin, which hyperpolarize V m upon illumination with green-yellow light (Kralj et al. 2012; Madisen et al. 2012; Tonnesen et al. 2009; Zhang et al. 2007 ), could be a useful way to counteract the ability of these cells to trigger IICs and SLEs. We attempted to do so by optically GABAergic currents (bottom) evoked in a PC in correspondence with 2 extracellular preictal spikes (top) in a SOM-CHR preparation. Currents were recorded in voltage clamp at V com ϭ Ϫ40 mV. The light-evoked, 2-spike preictal activity leading to a seizure (right) was highly similar to an analog event occurring spontaneously (left). Traces at bottom represent a magnification of the second preictal spike and the corresponding voltage-clamp recordings marked by shaded areas at top. Arrowheads indicate the onset of outward GABAergic currents followed by an inward current initiating the seizure. activating either eNpHR 3.0 or Arch-ER2 expressed in PV or SOM interneurons (Fig. 9 ). However, in our hands these experiments were technically limited since, although the delivery of yellow light (589 nm) caused a 10-to 15-mV hyperpolarization in both types of interneurons in control conditions (Fig. 9A) , optical inhibition was not sufficiently strong to obstruct the powerful depolarization underlying IICs and preictal spikes during perfusion with 4-AP (Fig. 9, B and  C) , the cells still being easily able to reach the threshold for AP firing.
Finally, we asked whether activating GABAergic interneurons during an ongoing ictal event may attenuate, or even terminate, the seizure. Prolonged photostimuli (15-60 s) were applied 1-6 s after the onset of the latest preictal spike (Fig.  10A) . The stimuli were delivered during either spontaneous or light-triggered SLEs (the effects did not significantly differ; therefore data were pooled together). Photostimulation induced after preictal spikes did not significantly reduce the duration of SLEs in SOM-CHR (control: 45 Ϯ 10 s, stimulus: 44 Ϯ 14 s, P ϭ 0.1, n ϭ 36 SLEs in 8 experiments, paired t-test) or PV-CHR (control: 30 Ϯ 6 s, stimulus: 32 Ϯ 8 s, n ϭ 19 SLEs in 7 experiments, P ϭ 0.7, paired t-test; Fig. 10B ) slices. Indeed, long-lasting photostimuli delivered at this stage did not substantially perturb burst firing of individual cells synchronized with ictal discharges (Fig. 10A ), although they were well able to cause prolonged, regular AP firing when delivered outside of SLEs (Fig. 10A, insets) . We also tested the effect of trains of short stimuli (150 ms, 4 Hz) delivered at variable stages during the seizure (Fig. 10C) . In PV interneurons (n ϭ 7), trains delivered at the onset of the tonic phase were substantially ineffective (Fig. 10C, top) , while trains delivered during the clonic phase were able to temporarily perturb the spike discharge by quickly entraining the synchronous firing into the train frequency (Fig. 10C, middle) . When the train was relatively brief (e.g., 5-10 s), the seizure would eventually reinstate its own progression by discharging late spontaneous spike bursts after the train offset; longer trains, however, were able to overcome the seizure progression throughout the photostimulation period (Fig. 10C, bottom) . Trains delivered at higher frequencies (10 -20 Hz) did not induce sizable changes at any stage during the seizure. Interestingly, these effects were observed in PV-CHR only, as trains of photostimuli at any frequency in SOM-CHR preparations (n ϭ 6) were quite ineffective in modifying the course of SLEs (not shown).
Thus, although PV interneuron activation did modify the progression of SLEs during the clonic phase by temporarily replacing spontaneous spikes with stimulus-locked ones, we did not observe any real attenuation of ictal discharges in any preparation, suggesting that SOM or PV interneuron activation was highly effective for triggering but not terminating SLEs in 4-AP-perfused entorhinal slices.
DISCUSSION
The present study suggests that selective activation of either SOM or PV interneurons is critical for the generation of interictal activity and seizurelike discharges in medial entorhinal slices perfused with the proconvulsive compound 4-AP. IICs and ictal discharges induced by optogenetic stimulation of either interneuronal population were highly similar to their spontaneously occurring analogs. Conversely, interneuron photostimulation-even with prolonged flashes lasting several seconds-was ineffective in blocking ongoing SLEs.
The earliest detectable phenomenon recorded in PCs immediately after PV or SOM activation during 4-AP perfusion was a relatively large compound IPSC, which in the case of SLEs was quickly followed by an inward current and subsequently by synchronous AP firing. The depolarizing drive is attributable to a transient accumulation of extracellular potassium (Avoli et al. 1996; Frohlich et al. 2008; Heinemann et al. 1977 ; Fig. 7 . GABA A receptor blockade inhibits ictal events and elicits brief glutamate receptor-dependent synchronous discharges. A, top: extracellular perfusion with gabazine (10 M) inhibited 4-AP-dependent seizures and elicited spontaneous discharges that were subsequently abolished by perfusion with the AMPA and NMDA receptor antagonists NBQX (5 M) and D-AP5 (100 M), respectively. Note that the initial part of the recording has been truncated for clarity. Shaded portions of the trace are magnified at bottom, showing a light-triggered seizure (left) and light-insensitive, gabazine-dependent short events (right). B, top: further magnification of an extracellularly recorded individual preictal spike (left) and a gabazine-dependent brief discharge (right) . Traces at bottom represent whole cell recordings performed in a PC simultaneously with the LFP recordings. At a V com (VC) of Ϫ20 mV, an outward current was detected in correspondence with the preictal spike (left) while an inward current was recorded in correspondence with the brief discharge during gabazine perfusion (right). All traces were acquired from a PV-CHR slice (similar data were obtained in SOM-CHR slices). Somjen and Giacchino 1985; Yaari et al. 1986 ) mediated by the K ϩ -Cl Ϫ cotransporter KCC2 in response to the increased intracellular Cl Ϫ concentration driven by a massive activation of GABA A receptors (Miles et al. 2012; Viitanen et al. 2010) . Such [K ϩ ] o accumulation also occurred in association with both spontaneous and photostimulation-induced IICs; however, it was much larger when concurring with preictal spikes, in which case it was also followed by a further increase in [K ϩ ] o driven by the eruption of the tonic-clonic discharge. The intracellular Cl Ϫ accumulation itself is likely a proepileptic phenomenon, causing a strong depolarizing shift of the reversal potential for that anion and therefore transforming GABAergic synapses from inhibitory to excitatory (Huberfeld et al. 2007; Kaila et al. 2014 ). Although we did not directly test the evidence for such effect (since we used whole cell recordings imposing an E GABA of Ϫ60 mV), our results support the hypothesis that interneuronal activation elicits SLEs by inducing a critical increase in [K ϩ ] o .
In PV-CHR and SOM-CHR slices, individual cells responding to direct illumination with blue light displayed distinctive intrinsic electrical parameters of cortical PV or SOM interneurons, respectively, confirming the specificity of the optical stimulation (Fig. 2 ; Kumar and Buckmaster 2006) . The efficacy of photostimulation was also supported by the GABA A receptor-mediated inhibition of AP firing in pyramidal neurons in response to photoactivation of both interneuron types ( 3). Interestingly, PV and SOM interneurons exerted a similarly robust inhibition of PC firing in control condition. Cortical and hippocampal SOM interneurons project GABAergic synaptic inputs to distal dendrites of PCs (DeFelipe 1997; Kubota 1996, 1997; Somogyi et al. 1998; Tanaka et al. 2011; Wang et al. 2004) , where they provide an inhibitory control of local dendritic excitability (Miles et al. 1996; Murayama et al. 2009; Palmer et al. 2012; Royer et al. 2012; Silberberg and Markram 2007) . However, these cells emit local axonal branches (Gloveli et al. 1997; Kumar and Buckmaster 2006 ) that potentially target postsynaptic proximal dendrites and somata (Wang et al. 2004) or even axonal initial segments as reported in the visual cortex (Gonchar et al. 2002) . Thus SOM interneurons are capable of exerting a relatively strong inhibitory action over postsynaptic firing initiated at the axosomatic compartment (as in the case of somatic current injection) similarly to the function of perisomatic projections of PV-expressing interneurons (Buetfering et al. 2014; Kawaguchi and Kubota 1997; Martin et al. 1983; Miles et al. 1996; Varga et al. 2010; Vida et al. 2006; Wouterlood et al. 1995) .
PV and SOM interneurons also displayed a largely similar epileptogenic effect during 4-AP perfusion. In addition, the sequence of phenomena triggered by activation of either population was nearly identical to that detected during spontaneous IICs and SLEs, with a strong GABAergic IPSP/IPSC representing the initiating event. Such overlap was so evident that even the distinctive pattern of spontaneous SLEs preceded by a sequence of two preictal spikes was tightly and repetitively reproduced in the same experiment by individual flashes activating PV or SOM interneurons (Fig. 6) . The strong similarity between spontaneous and evoked epileptiform activity supports the view that brief episodes of synchronous firing in entorhinal interneurons represent the only critical events that start ictal discharges in these experimental conditions. Since our photostimulation targeted PV or SOM interneurons independently, spontaneous SLEs may potentially be induced by synchronous activation of any of the two populations either separately or simultaneously.
Although several studies have focused on the involvement of interneurons in the generation vs. inhibition or prevention of various forms of epileptiform activity, a unifying view has not emerged. In rat hippocampal CA1 slices, PV interneuronsbut not SOM-expressing oriens lacunosum-moleculare interneurons-were reported to initiate prototypic afterdischarges evoked by electrical stimulation in the absence of glutamatergic synaptic transmission (Fujiwara-Tsukamoto et al. 2010) . Conversely, optical stimulation of PV-expressing interneurons blocked kainate-induced electrographic seizures in vivo (Krook-Magnuson et al. 2013) . In mouse CA3 slices, photostimulation of PV-or SOM-expressing interneurons attenuated the frequency of epileptiform bursts induced by extracellular perfusion with 4-AP in 0 mM Mg 2ϩ (Ledri et al. 2014) . In contrast, stimulation of PV-expressing interneurons in the thalamic reticular nucleus evoked spike-wave discharges . Our results differ from the above in that epileptiform activity resembling IICs and tonic-clonic seizures in human temporal lobe epilepsy (de Curtis and Gnatkovsky 2009) were triggered in entorhinal slices by selective activation of either of the two principal subtypes of interneurons. Interestingly, activation of interneurons after seizure initiation did not help terminate the seizure itself ( Fig. 9) , in contrast to the antiepileptic effects of interneuron stimulation obtained in the hippocampus by Krook-Magnuson et al. (2013) . The effect of optical stimuli on interneuronal AP firing was reliable when delivered before but nearly ineffective when delivered during an epileptic event (Fig. 10A ). In the latter case, the highly synchronized and bursty nature of interneuronal firing on top of a prolonged plateau potential appeared to be essentially unmodifiable, probably because of a strong refractoriness imposed by the synchronous firing. Only brief photostimuli delivered at 4 -5 Hz in PV-CHR slices induced synchronous spikes that were able to temporarily "take over" the natural progression of the seizure during the clonic phase, replacing spontaneous discharges with stimulus-paced spikes. Such an effect could even outlast the average length of the control seizure and continue as long as the stimuli were delivered. In any case, the putative release of GABA resulting from activating interneurons did not quite help terminate the seizure. A: in these examples from a PV slice (Aa) and a SOM-CHR slice (Ab), a prolonged laser stimulus (45 s; "postpulse") delivered 4 s after a preictal spike did not substantially shorten the duration of the ictal event compared with a postpulse-free SLE shown on left. Accordingly, the firing activity in a simultaneously recorded PV or SOM interneuron was not affected during the postpulse. In contrast, a prolonged (30 s) blue light stimulus delivered during 4-AP perfusion, but not during a SLE, was able to elicit reliable AP firing (insets), suggesting that CHR-induced responses were not decremental during long-lasting flashes. B: summary of quantification of seizure duration in the absence (white) and presence (gray) of a postpulse in SOM-CHR and PV-CHR slices. Boxes include 25th and 75th percentiles (horizontal edges), median value (inner line), and min-max values (whiskers). C: example of trains of photostimuli delivered at 4 Hz during the tonic or clonic phase (top and middle, respectively) or throughout the entire duration of a seizure (bottom) in a PV-CHR slice. Black horizontal bars mark trace portions magnified in insets on right. Note how the stimuli did not substantially modify the course of the tonic phase (top inset), instead changing the pace of the clonic discharges by inducing smaller, stimulus-locked spikes (middle). During prolonged trains, such transition occurred relatively quickly at the early stage of the clonic phase (bottom).
Clearly, the different outcomes in response to interneuronal activation described in the literature may depend on the experimental approaches to induce epileptiform activity and the use of in vivo vs. in vitro preparations. Yet it is not unlikely that the impact of interneurons depends on the specific anatomo-functional features and different patterns of hyperexcitability of the regions under study. Moreover, we cannot at this stage rule out the possibility that only one of the two cell types is responsible for triggering spontaneous IICs and SLEs while the other is only able to do so when driven by exogenous photostimuli. We attempted to use inhibitory opsins with the aim of answering this question; however, in our hands the inhibitory power of photostimulation was not sufficient to counteract the very strong depolarization driving interneurons to fire APs in correspondence with IIC and SLE onset. Further work using more effective photoinhibition will be needed to clarify whether epileptiform activity is initiated by any interneuron population as opposed to one type in particular.
In conclusion, our results strongly support a proepileptic role for entorhinal PV and SOM interneurons in an acute model of temporal lobe epilepsy in vitro. Selective photostimulation of either interneuronal population induced a large increase in [K ϩ ] o , which in turn prompted the outburst of tonic-clonic SLEs. Once started, SLEs were not interrupted by further stimulation of PV or SOM interneurons. Future work will be dedicated to investigating whether selective activation of other cortical cells, including glutamatergic principal neurons, is equally able to elicit a comparable pattern of extracellular K ϩ increase and thus determine whether the latter phenomenon is a selective (i.e., induced by interneurons only) vs. global (i.e., induced by any cell type) generator of epileptic activity.
